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7 ABSTRACT: The updated climate models provide projections at a fine
8 scale, allowing us to estimate health risks due to future warming after
9 accounting for spatial heterogeneity. Here, we utilized an ensemble of

10 high-resolution (25 km) climate simulations and nationwide mortality
11 data from 306 Chinese cities to estimate death anomalies attributable to
12 future warming. Historical estimation (1986−2014) reveals that about
13 15.5% [95% empirical confidence interval (eCI):13.1%,17.6%] of deaths
14 are attributable to nonoptimal temperature, of which heat and cold
15 corresponded to attributable fractions of 4.1% (eCI:2.4%, 5.5%) and
16 11.4% (eCI:10.7%, 12.1%), respectively. Under three climate scenarios
17 (SSP126, SSP245, and SSP585), the national average temperature was
18 projected to increase by 1.45, 2.57, and 4.98 °C by the 2090s,
19 respectively. The corresponding mortality fractions attributable to heat
20 would be 6.5% (eCI:5.2%, 7.7%), 7.9% (eCI:6.3%, 9.4%), and 11.4% (eCI:9.2%, 13.3%). More than half of the attributable deaths
21 due to future warming would occur in north China and cardiovascular mortality would increase more drastically than respiratory
22 mortality. Our study shows that the increased heat-attributable mortality burden would outweigh the decreased cold-attributable
23 burden even under a moderate climate change scenario across China. The results are helpful for national or local policymakers to
24 better address the challenges of future warming.
25 KEYWORDS: climate change, nonoptimal temperature, mortality burden

26 ■ INTRODUCTION
27 Over the past few decades, the global average temperature has
28 increased significantly due to climate change.1 The general rise
29 in land surface temperature, accompanied by the increased
30 heatwave frequency and intensity, leads to a wide range of
31 adverse health outcomes.2 Our previous study suggested that
32 nonoptimum ambient temperature could account for 14.3% of
33 nonaccidental mortality across China, with cold temperature
34 accounting for 11.6% and heat temperature for 2.7%.3 Similar
35 estimates on temperature-related mortality burden were
36 reported in the USA,4 Europe, Australia, and the globe.5 For
37 future climate change, different geographic characteristics and
38 magnitude of climate warming would lead to an enhanced or
39 weakened long-term net risk.6 Understanding the changes in
40 temperature-related mortality burden under future climate
41 scenarios and their regional differences are particularly
42 important for developing adequate mitigation and adaptation
43 measures of climate change.7 Due to the inevitability and
44 variability of future warming, it is urgent to provide an overall
45 assessment of the relative changes in cold- and heat-related

46mortality, which is useful for guiding the optimal national
47adaptation strategies and the distribution of medical resources
48in addressing climate change.
49Previous studies have projected changes in mortality burden
50due to future temperature changes. The majority of these
51studies focused on the mortality risk associated with ambient
52heat.8−10 However, the mortality risks associated with cold or a
53full range of temperatures were less projected. Previous studies
54revealed a declining trend for cold-attributable mortality due to
55future warming in many locations in China11,12 or regions
56across the world,8,13 but these studies were mostly conducted
57within single locations or regions with limited spatial
58representativeness. In addition, the existing large-scale
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59 projection studies considered a region or a country as one
60 point for the evaluation,14,15 ignoring the heterogeneity of
61 temperature changes and vulnerability in different subregions.
62 Given the disproportionately higher disease burden of cold
63 temperatures than hot temperatures, the variations of both
64 cold and hot temperatures under future climate change would
65 significantly affect the projections of the total disease burden.
66 This phenomenon, however, has not been well investigated at a
67 fine scale, which may lead to an inaccurate estimate of the
68 overall disease burden of climate change, especially under the
69 different magnitudes of warming in various regions. Accord-
70 ingly, the health burden of climate change may be over- or
71 underestimated if the spatial heterogeneity was not appropri-
72 ately accounted for.
73 Therefore, the present study was designed to assess the
74 excess deaths attributable to nonoptimum temperatures (both
75 cold and hot temperatures) under multiple climate change
76 scenarios at a grid size of 25 km. We analyzed a nationwide
77 data set of daily mortality and temperature in 306
78 representative cities at the prefecture level or above in
79 mainland China using a three-stage analytical method.

80 ■ MATERIALS AND METHODS
81 Data Acquisition. Daily Mortality and Temperature.
82 Daily mortality data from 2013 to 2015 was obtained from the
83 China’s Disease Surveillance Point System database. We
84 included 306 cities at the prefecture or above with complete
85 daily environmental monitoring data. These cities were
86 selected from the death registry of China’s Disease Surveillance
87 Points System. The selection of surveillance points, both at the
88 national and provincial levels, was carried out through a
89 multistage stratification method that carefully considered the
90 sociodemographic characteristics prevalent across the Chinese
91 population, ensuring that the data from these cities could
92 represent different socioeconomic and demographic conditions
93 throughout China.16 Leveraging data from these cities, we have
94 already studied the varying impacts of temperature and air
95 pollution on the health outcomes of the Chinese popula-
96 tion.3,17 Overall, our data set incorporated both urban and
97 rural deaths and was also nationally representative in China.
98 We extracted deaths due to nonaccidental causes (the
99 International Classification of Diseases-10 (ICD-10) codes

100 A00-R99), cardiovascular diseases (ICD-10: I60−I69), and
101 respiratory diseases (ICD-10: J00-J99) for the 306 cities.
102 Overall, the 306 cities are distributed according to the
103 socioeconomic characteristics of China (Figure S5). Our data
104 set accounts for 92% of all cities at the prefecture or above
105 (total = 334) and covers 95.21% of the total population in
106 mainland China.
107 The daily mean temperature for each city from 2013 to 2015
108 was obtained from the ERA5-Land climate reanalysis with 0.1
109 × 0.1° spatial resolution18 to estimate the ambient temperature
110 exposure for each location. As ERA5-Land involves data
111 assimilation techniques, it generates very similar temperature
112 distributions to station observations.19 Many epidemiological
113 studies have validated the use of ERA5-Land data to depict
114 temperature exposure in different locations across the
115 world.20,21

116 Daily Temperature Projection under Different Climate
117 Change Scenarios. For a robust quantification of the daily
118 temperature change, ensembles consisting of more than one
119 single-model initial condition are essential.22 As shown in
120 Table S1, our study includes data from 10 general circulation

121models (GCMs) under the historical scenario (1986 to 2014)
122and future scenarios (2015 to 2100) from the Coupled Model
123Intercomparison Project Phase 6 (CMIP6). In order to
124account for a wide range of potential GHG emission changes
125in the future, we selected three climate change scenarios, i.e.,
126SSP126, SSP245, and SSP585. According to previous
127studies,23,24 SSP126 assumes that the changes in radiative
128forcing are expected to get to 2.6 W/m2 by 2100, and was
129designed with the aim of simulating a development that is
130compatible with the 2 °C targets; SSP245 represents the
131scenario with an additional radiative forcing of 4.5 W/m2 by
132the year 2100, which assumed a medium pathway for future
133greenhouse gas emissions with certain measures of climate
134protection; and similarly, SSP585 represents the scenario with
135an additional radiative forcing of 8.5 W/m2 by the year 2100,
136which represents the upper boundary of the range of scenarios
137described previously23,25

138The daily temperature series from 10 GCMs were obtained
139from the latest version of the NASA Earth Exchange Global
140Daily Downscaled Projections (NEX-GDDP-CMIP6).26 This
141downscaled product was generated using a daily variant of the
142bias correction/spatial disaggregation (BCSD) method and is
143at 1/4-degree horizontal resolution (approximately 25 km over
144China).26 This data set has been widely adopted in projection
145studies.27 We selected the daily average temperature series
146during the historical period (1986−2014) and future period
147(2015−2100) under three climate change scenarios as we
148explained above.
149As we applied the modeled temperature series to the
150exposure−response functions established by the temperature
151series of the ERA5-Land data set, the difference between these
152two data sets cannot be ignored. So, we additionally corrected
153modeled temperature series from 10 GCMs based on the
154temperature series of the ERA5-Land data set using the bias
155correction method developed by the Inter-Sectoral Impact
156Model Intercomparison Project.28 To quantify the accuracy of
157the temperature series, we employed a Taylor diagram,
158consisting of the correlation coefficient, root mean square
159error (RMSE), and the ratio of standard deviation,29 to
160facilitate temperatures from the ERA5-Land data set against
161simulated daily temperature over 306 selected cities. As shown
162in Figure S6, the RMSEs are mostly within 3 °C, so the
163modeling output for each GCM during the baseline can well
164capture the temperature after all of the corrections. They also
165had the ability to capture temperature variations under
166different climate change scenarios.
167Climate Classification. Based on the Köppen−Geiger
168climate classification30 and the existing classification results
169from a previous study,31 we first divided all grids into six zones,
170including Temperate (three subcategories: Cfa, Cwa, and
171Cwb), Cold (Dwb), Arid (BSk), and Polar (ET). According to
172the scheme symbols from the Köppen−Geiger climate
173classification, the first “B”, “C”, “D”, and “E” represent the
174Arid, Temperate, Cold, and Polar climates, respectively; the
175second “f”, “w”, “S”, and “T” represent the no dry season, dry
176winter, steppe, and tundra sub climates, respectively; and the
177last “a”, “b”, and “k” represent hot summer, warm summer, and
178overall cold, respectively. As the total area of the Tropic zone is
179smaller than 1000 km2, we reclassified it as the nearest
180Temperate zone. In addition, climate zones, in which the
181difference between the highest and lowest mean temperature
182exceeds 10 °C, were further subcategorized into two subzones
183 t1based on the median temperature. Overall, all grids were
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t1 184 divided into 10 climate categories (Table 1 and Figure S2),
185 including Temperate (three subcategories: Cfa_above, Cfa_-
186 below, Cwa_above, Cwa_below, and Cwb), Cold (Dwb_be-
187 low and Dwb_above), Arid (BSk_below and BSk_above), and
188 Polar (ET). The mean temperature for each grid during the
189 historical period (1986−2014) was extracted and calculated
190 based on the ERA5-Land data set.18

191 Statistical Analysis. Temperature−Mortality Relation-
192 ship. We used a three-stage approach to estimate the
193 association between nonoptimal temperature and daily mortal-
194 ity due to total nonaccidental causes, cardiovascular diseases,
195 and respiratory diseases,32 ensuring consistency in analysis
196 method and model parameter settings for all of these three
197 outcomes. Specifically, in the first stage, we used the
198 overdispersed generalized linear model with quasi-Poisson
199 regression and distributed lag nonlinear model (DLNM) to
200 obtain the exposure−response relationship between daily mean
201 temperature and mortality for each of the 306 Chinese cities.
202 Following the DLNM framework in our previous studies,33,34

203 we built a cross-basis function using quadratic B splines with
204 three knots at the 10th, 75th, and 90th percentiles of daily
205 temperature and natural cubic splines with an intercept and
206 three equally spaced knots for lags up to 21 days to capture
207 possible lagged and nonlinear relationships. As for covariates,
208 we controlled for calendar days in natural cubic splines with 12
209 degrees of freedom per year to control for seasonality and long-
210 term trends, same-day relative humidity in natural cubic spline
211 with 3 degrees of freedom, and a categorical variable of the day
212 of the week.
213 In the second stage, we fitted a multivariate meta-regression
214 model for the reduced cumulative association for each location
215 with geospatial predictors that have been previously shown to
216 explain the majority of the heterogeneity in the relationships
217 between ambient temperature and mortality.3,35 These
218 predictors included climate zones classified based on the
219 Köppen−Geiger approach,36 annual mean temperature, and
220 standard deviation of daily mean temperature.
221 In the third stage, we predicted the associations of daily
222 temperature and mortality for each 25 km grid using the meta-
223 regression model and the above predictors measured at each
224 grid. We used the minimum mortality temperature (MMT) as
225 a reference for each predicted temperature−mortality relation-
226 ship.

227The population size of each grid was calculated by averaging
228the population counts at a 1 km resolution that were extracted
229from the WorldPop data set.37 We included only grids with
230more than one death per year. Finally, a total of 11,420 grids
231were included, covering 99.996% of China’s total population.
232Projection of Temperature-Related Mortality. Temper-
233ature-related mortality in each grid was calculated using the
234formula below.38,39 Specifically, for grid i on day d, the
235attributable deaths due to nonoptimal temperature on day d
236(TDid) were calculated as

= × × DTD
(RR 1)

RR
POPid

id

id
i

237where RRid is the cumulative relative risk extracted from the
238grid-specific temperature−mortality association, which was
239predicted in the third stage and by the simulated daily
240temperature in grid i on day d. POP is the average annual
241population in grid i. Di represents the daily death rate at the
242provincial level. Due to the unavailability of baseline daily
243mortality data for all cities within China, we resorted to using
244provincial-level data as a proxy.
245We then calculated the attributable fraction in each grid
246using the ensembled daily temperature projection for the
247historical and various future scenarios.38 The 95% empirical
248confidence intervals (eCIs) were calculated by Monte Carlo
249simulations (500 samples) to quantify the uncertainty in the
250estimation of the exposure−response relationships and the
251variability in temperature projections between three GCMs.
252In addition, we further divided all days during historical and
253future periods into extreme cold [Daily mean temperature
254(Tmean) ≤ 2.5th percentile in the baseline period], moderate
255cold (2.5th percentile in the observational period < Tmean ≤
256MMT), moderate heat (MMT < Tmean < 97.5 percentile in the
257baseline period), and extreme heat (97.5th percentile in the
258baseline period ≤ Tmean). These thresholds will be used to
259subcategorize the mortality burden for nonoptimal temper-
260ature under these scenarios.

261■ RESULTS
262Descriptive Data. We included a total of 4,857,909,
2632,445,673, and 712,480 deaths from nonaccidental causes,
264cardiovascular diseases, and respiratory diseases from 306 cities
265in mainland China during the baseline period (2013−2015).

Table 1. Summary Statistics on Deaths and Annual Mean Temperatures, Classified by Climatic Zones

region number of cities total number of deaths daily mean temperature (±annual standard deviation)

temperate
no dry season, hot summer
Tmean lower than 50% quantile (Cfa_below) 47 964,336 17.3 (±7.8)
Tmean higher than 50% quantile (Cfa_above) 36 562,897 19.5 (±13.4)
dry winter, hot summer
Tmean lower than 50% quantile (Cwa_below) 43 934,612 17.3 (±7.9)
Tmean higher than 50% quantile (Cwa_above) 26 361,292 22.2 (±11.3)
dry winter, warm summer (Cwb) 6 71,968 13.8 (±5.3)

cold
Tmean lower than 50% quantile (Dwb_below) 31 361,265 5.8 (±8.1)
Tmean higher than 50% quantile (Dwb_above) 57 1,267,473 12.1 (±11.9)

arid
Tmean lower than 50% quantile (BSk_below) 22 131,652 6.6 (±11.0)
Tmean higher than 50% quantile (BSk_above) 21 184,295 12.7 (±6.4)

polar (ET) 16 18,119 −0.8 (±4.3)
total 306 4,857,909
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266 Table 1 shows the summary statistics about the number of
267 deaths, annual average daily mean temperature, and their
268 standard deviations over 10 climate categories. The mean
269 temperature during the baseline ranged from −0.8 °C in the
270 ET to 22.2 °C in the Cwa_above.
271 Region-Specific Temperature−Mortality Relation-
272 ships. The national exposure−response curves (Figure S1)
273 were generally inversely J-shaped for the associations of daily
274 mean temperature with total nonaccidental, cardiovascular, and
275 respiratory mortality. Under extreme heat conditions (i.e., 95th
276 of the daily mean temperature), the relative risk (RR) of
277 cardiovascular mortality is higher than that of total mortality
278 and respiratory mortality.

f1 279 Figure 1 depicts the minimum mortality temperature
280 (MMT) at daily mean levels for 10 climate zones. The

281 distribution of MMT varied considerably by region from 16 to
282 30 °C. We observed higher MMTs in warm regions such as
283 Cwa and Cfa, and lower MMTs in cool regions such as ET. In
284 addition, there was a significant and positive relationship
285 between annual mean temperature and MMTs across different
286 areas (r = 0.83), which is consistent with a recent study.40

287 Table S2 presents the results of meta-regression analyses in the
288 associations of mortality associated with nonoptimum temper-
289 ature.
290 Temporal and Spatial Trends in Future Temper-

f2 291 atures. Figures 2 and S2 depict the temporal and spatial
292 distribution of the mean annual temperature anomalies by
293 three SSPs over four main climate zones. Overall, mean
294 temperatures will increase drastically, modestly, and slightly in
295 the SSP585, SSP126, and SSP245 scenarios after the middle of
296 this century, respectively. By the end of this century (the
297 2090s), the average temperature would rise by 1.45 °C under

298SSP126, 2.57 °C under SSP245, and 4.98 °C under SSP585,
299compared to the historical period (1986−2014). As shown in
300Table S3, cooler regions, such as the Cold and Arid zones, tend
301to experience more prominent warming, whereas the warmest
302region (Temperate) tends to have modest warming in the
3032090s.
304Future Mortality Burden. Under future warming
305scenarios, the cold-related attributable fraction is expected to
306drop, and the heat-related attributable fraction will experience
307 f3a drastic increase (Figures S3 and S4). As shown in Figure 3,
308the total attributable fraction due to both cold and heat
309temperatures will experience a plateau after the 2050s in
310SSP126 and SSP245, and consistently increase throughout the
31121st century under SSP585. In addition, by the end of this
312century, the total attributable fraction for cardiovascular deaths
313will increase more than that for respiratory deaths. For
314nonaccidental, cardiovascular, and respiratory deaths, the
315increases in the heat-related attributable fraction are projected
316to offset the decline in cold-related attributable fraction,
317making the total attributable net deaths increase even under
318the SSP246 scenario.
319Tables S4−S6 summarize the projected decreases in cold-
320related deaths and increases in heat-related deaths due to
321future warming by the 2090s compared to the historical period
322under the SSP126, SSP245, and SSP585 scenarios. Across all
323climate zones, we projected a reduction of 33,400 overall
324deaths under SSP126, whereas an increment of 9,703 and
32517,503 overall temperature-related deaths under SSP245 and
326SSP585, respectively. Over the four regions, the Temperate
327zone was projected to witness the largest decrease in cold-
328attributable deaths and the largest increase in heat-attributable
329deaths under SSP585. Under SSP245 and SSP126, the Cold
330zone had the largest number of heat-attributable deaths.
331 f4Figure 4 shows the projection of cold and heat-attributable
332deaths by various SSP scenarios during the 2090s compared
333with the baseline period. By regions, this spatial distribution is
334largely coincident with the spatial pattern of vulnerability
335(Figure 1) and modeled average warming (Figure S2) among
336regions. The spatial distribution is similar among the three
337 f5scenarios, but the magnitudes are largely different (Figure 5).
338We further subcategorized the attributable mortality
339fractions into moderate and extreme cold or hot temperatures.
340Over the historical period, the moderate cold could account for
341the largest mortality fraction and extreme heat could account
342for the smallest fraction. Under the three climate scenarios, the
343mortality fraction attributable to moderate cold was projected
344to decrease most drastically, while the attributable fraction of
345extreme heat would increase most significantly under SSP585.
346In addition, the attributable fraction of extreme cold and
347moderate heat would remain constant under SSP126. More-
348over, by the end of this century, the attributable fraction of
349extreme heat is projected to be higher than that of moderate
350cold under SSP585.

351■ DISCUSSION
352We estimated the nationwide mortality risk and burden due to
353future climate change at a grid size of 25 km and depicted its
354temporal patterns under three different climate change
355scenarios. Totally, about 250,992 nonaccidental deaths are
356attributable to nonoptimal temperature per year during the
357historical period (1986−2014), with the cold being more
358harmful than heat and cardiovascular diseases more sensitive to
359heat than respiratory diseases. In terms of future change, our

Figure 1. Pooled minimum mortality temperatures by climatic zones
in China. The order of the y-axis is sorted according to the average
temperature for each climate zone. Cwa represents the Temperate
climate zone with dry winter and hot summer; Cfa represents the
Temperate climate zone with no dry season and hot summer; Cwb
represents the Temperate climate zone with dry winter and warm
summer; Dwb represents the Cold climate zone; BSk represents the
Arid climate zone; ET represents the Polar climate zone. “_above”
represents the annual temperature higher than 50% quantile of all
temperatures across all climate zone, “_below” represents the annual
temperature lower than 50% quantile of all temperatures across all
climate zones. There is a significant and positive correlation between
minimum mortality temperatures and annual mean temperature with
r = 0.83 and slope = 1.52 in the simple linear regression model.
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360 study projected a reduction in the cold-attributable mortality
361 fraction and a significant increase in the heat-attributable
362 fraction. In addition, the overall heat-attributable mortality
363 fraction for cardiovascular diseases was expected to increase at
364 a magnitude higher than that for respiratory diseases. Overall,
365 the heat-related burden increase was expected to outweigh the
366 cold-related burden decrease under the medium-emission
367 scenario (SSP245) and high-emission scenario (SSP585)
368 across China, especially for mortality due to cardiovascular
369 diseases. Our results revealed that the overall mortality burden
370 would remain stable only under the low-emission scenario for
371 all regions, highlighting the crucial role of controlling
372 greenhouse gas emissions.
373 Our results are comparable to previous studies conducted in
374 developed countries.6,7,41 One study involving 16 European
375 countries reported the increments in the heat-attributable
376 mortality fraction would exceed the decrements in the cold-
377 attributable fraction under RCP8.5.39 The baseline mortality
378 burden attributed to nonoptimum ambient temperature
379 calculated in this study is consistent with our previous study3

380 and the total number of attributable deaths is close to a
381 regional estimate of excess deaths over East Asia from a global
382 scale study.35 For the projected changes in heat-related
383 mortality under different climate scenarios, our results were
384 also largely similar to previous studies.14,42 In addition, a recent
385 study across 105 counties in China and other projection
386 studies in different areas across China also projected similar
387 cold- and heat-related mortality burdens.11,12,43 However,
388 some of these projection studies did not account for the
389 overall changes in temperature-related mortality burden, and
390 some of them were also unable to compare the changes over

391different regions under various scenarios. More importantly,
392most of the previous projection studies failed to appropriately
393account for the spatial heterogeneity over such a large
394population. Considering the immense and dynamically
395changing population base in China, coupled with the country’s
396complex climatic conditions that vary from coastal to inland
397regions and from monsoon to continental climates, the impacts
398of future climate changes are expected to be significantly
399different across regions. These variations will likely be
400influenced by diverse geographic latitudes, humidity con-
401ditions, and altitudinal differences. Consequently, previous
402research, often based on data from a limited selection of urban
403residents or certain representative locations, has not been able
404to portray the extensive and profound impacts of climate
405change. To our knowledge, this analysis is the first study that
406accounted for the overall changes in temperature-related
407mortality burden across China, a nation with a large and
408rapidly transitioning population, at a fine spatial scale of less
409than 100 km. Furthermore, we have compared the future
410trends of major mortality outcomes across varying emission
411scenarios, providing a scientific foundation for devising more
412precise response strategies and future planning for different
413regions across China.
414By regions, we found that local minimum mortality
415temperatures were associated with the regional annual mean
416temperatures. Accordingly, the regional differences in local
417resident vulnerability could affect the current estimation of the
418temperature-related mortality burden and strongly determine
419their projections under future climate change scenarios across
420various locations in China. In terms of future changes, our
421projection analysis with high spatial resolution revealed that

Figure 2. Projected changes in annual mean temperature compared to the reference period (1986−2014) by various climate change scenarios
across four climate zones and all grids. The colored area represents the interquartile range of changes across the regions.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c09162
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c09162?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


422 cold-related deaths would decrease most markedly in south
423 China (the Temperate zone), while heat-related deaths would
424 increase most significantly in north China (including the Cold
425 and Arid zones). In the Polar zone, we projected a substantial
426 decrease in cold-related mortality fractions due to its severe
427 warming. Nationally, future heat and cold temperatures would
428 notably change the composition of the overall mortality burden
429 attributable to nonoptimum temperature. We projected that
430 more than half of the excess deaths attributable to future
431 temperature changes would occur in north China, which
432 means that the net burden due to future heat exposure would
433 overshadow the reduction of the cold-related burden in this
434 region. This result underlined the disproportionately high
435 disease burden attributable to climate change in northern
436 cities. In contrast, south China will experience the smallest
437 increment of the temperature-related mortality burden. It is
438 noteworthy that we projected a large quantity of heat-

439attributable deaths occurring in populous cities along the
440southeast coastline. The geographical heterogeneity of future
441disease burden suggests that tailored adaptation strategies for
442each region are important to better address the public health
443challenges of climate change.
444The present study has several notable strengths and
445significance. First, we estimated the exposure−response
446relationship between daily temperatures and all-cause or
447cause-specific mortality using a well-representative, large-scale
448data set. Second, our nationwide data set was characterized by
449various demographical, climatic, and socioeconomic condi-
450tions, offering an opportunity to explore the spatial
451heterogeneity of the susceptibility to climate change. Third,
452different from most previous studies confined to the region-
453level estimations,14,15 this study projected mortality burden at a
454fine spatial resolution of 25 km × 25 km and provided ample
455evidence on the differential disease burden due to future

Figure 3. Projections of attributable fractions of mortality due to nonoptimum temperature (including total, cold-related, and hot-related) from
total nonaccidental causes, cardiovascular diseases, and respiratory diseases, by climate change scenarios across China and four climate regions.
Projections were derived from the averages of the 10 general circulation models (GCMs). The shaded areas are the 95% empirical confidence
intervals.
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456 warming in various subregions. These results are helpful for
457 national or local policymakers to develop tailored adaptation
458 plans and efficient health protection strategies to better address
459 the challenges of future warming. Finally, our assessment
460 formed a more comprehensive understanding of how future
461 climate change affects both heat- and cold-related mortality
462 burdens across China or regions with similar climate
463 conditions.
464 Nevertheless, our study still has some limitations. First, we
465 did not consider other potential effect modifiers (such as
466 economic conditions, age, and sex structure) in estimations of
467 temperature−mortality associations across locations due to the
468 lack of data at the fine scale. In addition, although our results
469 could be reasonably extrapolated to the entire China, we could
470 not separate our aggregate death data into urban and rural
471 areas, limiting our ability to explore the possible differences of
472 disease burden projections between urban and rural areas.
473 Second, the assumption of no changes in population
474 distributions allows us to estimate the mortality risk purely
475 caused by future climate change. However, it may lead to some
476 overestimation or underestimation of the projected disease
477 burden probably due to any unexpected changes in the

478urbanization process and total population size.44 Third, our
479time-series death database covered only 3 years (from 2013 to
4802015), which is somewhat short and may attenuate the stability
481of baseline risk estimations. Lastly, consistent with most
482previous studies,6,39 we projected attributable disease burden
483under the assumption of no adaptation, and thus this
484assumption could add uncertainty to our results because the
485knowledge of future vulnerability or adaptation ability is largely
486unknown,45 and the MMT can also change over time.46

487In summary, this nationwide study revealed that the
488increased heat-attributable mortality burden would outweigh
489the decreased cold-attributable burden, even under a moderate
490climate change scenario across China. This kind of imbalance
491would also vary by geographical and climatic zones. Our
492findings demonstrated that an assessment of overall disease
493burden attributable to future temperature change at a fine
494spatial resolution is crucial to accurately estimate the health
495cost of climate warming and evaluate national or regional
496climate policies, such as carbon peaking and a carbon neutrality
497plan.

Figure 4. Projections of changes in annual attributable deaths due to cold and heat temperatures in the 2090s compared to the reference period
(1986−2014), classified by climate change scenarios at a grid scale with 25 km spatial resolution.

Figure 5. Projections of mortality fractions attributable to nonoptimum temperatures compared to the reference period (1986−2014), by climate
change scenarios across China. Projections were presented as the averages of 10 general circulation models (GCMs). The shaded areas are 95%
empirical confidence intervals.
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741classification maps at 1-km resolution. Sci. Data 2018, 5 (1),
742No. 180214, DOI: 10.1038/sdata.2018.214.

(37) 743Tatem, A. J. WorldPop, open data for spatial demography. Sci.
744Data 2017, 4 (1), No. 170004, DOI: 10.1038/sdata.2017.4.

(38) 745Vicedo-Cabrera, A. M.; Sera, F.; Gasparrini, A. J. E. Hands-on
746tutorial on a modeling framework for projections of climate change
747impacts on health. Epidemiology 2019, 30 (3), 321−329,
748DOI: 10.1097/EDE.0000000000000982.
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